Introduction
In mouse embryos, definitive hematopoiesis can be classified into 2 waves: the initial generation of multipotent hematopoietic progenitors, beginning at embryonic day (E) 8/8.5, and the later adultrepopulating hematopoietic stem cells (HSCs), starting from E10.5. [1] [2] [3] Accumulating evidence from multiple research strategies has pinpointed that definitive hematopoietic progenitors and HSCs are directly formed from hemogenic endothelium, a unique type of structural endothelium with transient hematopoietic potential. [4] [5] [6] [7] [8] This process is, therefore, acknowledged as the endothelialhematopoietic transition, manifested intra-embryonically as the appearance of vascular hematopoietic clusters in the aorta, vitelline, and umbilical arteries. 4, 7, 9 It is proposed that definitive hematopoietic progenitors and HSCs are generated from distinct types of hemogenic endothelium, implying that distinct molecular programming is involved; these mechanisms are as yet poorly defined. [1] [2] [3] 10 Of note, only a very small proportion of aortic endothelium has bloodforming capacity. In theory, physiological mechanisms restraining excessive endothelial-hematopoietic transition must exist, but remain largely unknown.
The transforming growth factor b (TGF-b) superfamily contains a large group of structurally related polypeptide growth factors, including TGF-bs, bone morphogenetic proteins (BMPs), activins, and others. Members of the TGF-b family signal through specific type I and type II transmembrane serine/threonine kinase receptors that activate intracellular mediator Smads. Smad2 and Smad3 are activated by the type I receptors of TGF-b and activin, whereas Smad1, Smad5, and Smad8 are phosphorylated in response to BMPs. Receptor-activated Smads then interact with Smad4 to form heteromeric complexes that are translocated into the nucleus. Activated TGF-b receptors can also transduce the signals through alternative Smad-independent pathways, such as mitogen-activated protein kinase, ras homolog family member A, and c-Jun N-terminal kinase. 11 BMP4 has long been acknowledged to be pivotal in mesoderm induction and hematopoietic commitment, as revealed by studies in different species. 12, 13 Furthermore, BMP4 has been identified as a positive modulator of mouse HSC development in the context of an aorta-gonad-mesonephros (AGM) explant culture and transplantation assay.
14 Nevertheless, a previous study using a fetal liver kinase 1 (Flk1)-Cre-mediated BMPRIA/ALK3 conditional knockout mouse model revealed a dispensable role for BMP receptor signaling in the generation of hematopoietic progenitors from Flk1 1 mesoderm in vivo. 15 To date, the physiological roles of For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From certain TGF-b family members involved in the mammalian endothelial-hematopoietic transition remain largely unknown.
Currently, endothelial cell-specific combined with hematopoietic cell-specific gene knockout mouse models are used to explore candidate regulatory mechanisms implicated in hemogenic endothelium development. 7, 16, 17 Using both Tie2-Cre and Vav-Cre transgenic mouse models, we show here that the deletion of Smad4 from the endothelium stage, but not from embryonic hematopoietic cells, caused an increased generation of hematopoietic clusters and progenitor cells. Furthermore, the absence of endothelial Smad4 caused an upregulation of subaortic BMP4 and an activation of aortic extracellular signal-regulated kinase (ERK), resulting in the excessive transition of endothelial cells to hematopoietic progenitors. In summary, we reveal a novel physiological inhibitor implicated specifically in the endothelial cell to hematopoietic progenitor transition in mouse embryos.
Methods

Animals
Mice carrying conditional Smad4 alleles (Smad4 fl/fl ), 18 Tie2-Cre transgenic mice 19 and ROSA-LacZ reporter mice 20 have been reported elsewhere. VavCre transgenic mice (strain name: B6.Cg-Tg(Vav1-cre)A2Kio/J) 21 and ROSA-EYFP reporter mice (strain name: B6.129X1-Gt(ROSA)26Sor tm1(EYFP)Cos /J) 22 were purchased from The Jackson Laboratory. Animal care and embryo dissection are detailed in the supplemental Methods on the Blood Web site. Mice involved in the study were approved by the Animal Care and Use Committee and handled in accordance with institutional guidelines for laboratory animals.
Flow cytometric analysis
Cells were incubated with different antibodies for 30 minutes. The 7-aminoactinomycin D (7-AAD; eBioscience) was used to exclude dead cells. Stained cells were analyzed by fluorescence-activated cell sorting (FACS) with a FACSCalibur flow cytometer or sorted with an FACS Aria 2 flow cytometer (BD Biosciences). For cell cycle analysis, 5-bromo-29-deoxyuridine (BrdU; BD Pharmingen) or Ki67 (BD Pharmingen) staining was performed. The 7-AAD was used to measure DNA content in the intracellular Ki67 staining. For apoptotic analysis, Annexin V (BD Pharmingen) staining was performed. Antibodies and procedures are detailed in the supplemental Methods. FACS data were analyzed with FlowJo software (Tree Star).
Hematopoietic assays
AGM culture from the caudal half of E9.0-E9.5 embryos was performed as described. 23 After incubation for 5 to 10 days, the colonies generated in the culture were calculated and the cells were recovered by trypsinase digestion for flow cytometric analysis. Alternatively, the cultures were fixed for LacZ staining or immunostaining. For OP9/OP9-DL1 coculture, sorted Tie2 1 cells from the caudal half were plated on an OP9/OP9-DL1 stromal layer in the presence of 50 ng/mL stem cell factor ([SCF]; PeproTech) and 10 ng/mL IL-3 (PeproTech), or a cytokine cocktail as previously described. 24 After being cultured for 5 to 10 days, cells were harvested by mechanical pipetting for further analysis. Explant culture was carried out with the caudal half of E9.5 embryos as previously described. 25 After 1-3 days at 37°C, explants were dissociated in collagenase for flow cytometry analysis. Hematopoietic assays are detailed in the supplemental Methods.
Histological analysis
Whole-mount immunostaining and confocal microscopy were performed as previously described. 9 The primary antibodies used were anti-c-Kit (2B8, BD Biosciences) and biotinylated anti-CD31 (MEC13.3, BD Biosciences). LacZ staining and other immunostaining procedures are detailed in the supplemental Methods.
Statistical analysis
Data were evaluated using Student two-tail t test. P , .05 was considered to be statistically significant.
Results
Enhanced hemogenic activity of Smad4-deficient endothelium in vivo and in vitro Tie2-Cre-mediated ablation of Smad4 leads to embryonic lethality at E10.5 due to cardiovascular defects. 19 In the present study, E9.0 to early E9.5 (13-25 somite pairs [sp]) embryos were used, avoiding the influences secondary to the vascular defects. Unlike a previous study showing the Tie2-Cre-mediated excision in the mesenchymal cells surrounding the vitelline artery, 26 the ablation activity of the Tie2-Cre transgene used here was restricted to the endothelial layer and blood cells inside the dorsal aorta and vitelline arteries at early E9.5 ( Figure 1A ). We found that at approximately 18 sp, CD31
1 c-Kit 1 hematopoietic clusters were occasionally observed within the vitelline artery of the control embryos ( Figure 1B ), in accordance with a previous report. 9 In contrast, the clearly increased numbers of hematopoietic clusters were detected in the vitelline arteries of Tie2-Cre;Smad4 Figure 1C) . By flow cytometric analysis, we further quantified the hematopoietic cluster cells proven to be enriched in the CD31 1 c-Kit high population 9 and observed a significant 2.8-fold increase in the Smad4 mutants ( Figure 1D ).
In accordance with the in situ results, real-time polymerase chain reaction (PCR) revealed a 1.9-fold increase in Runx1 expression in the caudal half of Tie2-Cre;Smad4 fl/fl embryos ( Figure 1E ). The proximal P2 promoter-driven Runx1 isoform (P2-Runx1) marks a hemogenic endothelium population. 27, 28 A striking 10.8-fold increased expression of P2-Runx1 in the caudal half of Smad4 mutant embryos was observed, which was highly suggestive of an For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From augmented hemogenic activity by Smad4-deficient endothelium ( Figure 1E ).
We analyzed hemogenic potential in vitro with a modified AGM culture system. 23 The Tie2-Cre-mediated ablation occurred in the colonies generated in the E9.5 AGM cultures ( Figure 1F ). FACS and immunofluorescence analysis documented a specific cell population coexpressing CD31 and CD45 ( Figure 1G-H) . Interestingly, we witnessed some "budding" cells with both CD31 1 CD45 1 detaching part and CD31 1 CD45 2 adherent part ( Figure 1H , right).
This phenomenon highly suggested the occurrence of endothelialhematopoietic transition in the culture system derived from E9.5 embryos. The hemogenic colonies were detectable starting at late E9.0 (17-18 sp), approaching the time-point that intraembryonic hematopoietic clusters are first detected in vivo, 9 and the number of colonies increased in slightly older (20-22 sp) embryos ( Figure 1I ). Notably, Tie2-Cre;Smad4 fl/fl embryos showed a remarkably increased number of colonies in the AGM culture ( Figure 1I ). The result in a serum-free culture system resembled that in cultures with serum ( Figure 1J ). Flow cytometric analysis demonstrated a significant increase in the frequencies of both CD45 1 and CD45
in the recovered cells derived from Smad4 mutant AGM cultures ( Figure 1K ). These data suggested an enhanced hemogenic potential from the Tie2-Cre;Smad4 fl/fl embryos.
Increased hemogenesis in Tie2-Cre;Smad4 fl/fl embryos is not due to abnormal hematopoietic proliferation, survival, or differentiation
We next investigated whether the increased generation of hematopoietic clusters in the Smad4 mutants was caused by enhanced cell proliferation or survival. The cellularity of the total cells, the putative endothelium (CD31 1 CD41 2 CD45 2 ), and committed hematopoi- ) in all of the subpopulations assessed ( Figure 2D and supplemental Figure 2D ).
In the presence of SCF and IL-3, the coculture of E9.5 Tie2 To further exclude the possibility that Smad4 continues to play a role in hematopoietic cells once the endothelial-hematopoietic transition is complete, we used the Vav-Cre transgene, the expression of which is reported to be restricted to hematopoietic cells. 7 We first evaluated the excision of the ROSA-EYFP allele by Vav-Cre in certain populations along the endothelial-hematopoietic transition process in the caudal half of E10.5 embryos. In contrast to the high ablation efficacy of the Tie2-Cre transgene, the Vav-Cre-mediated ablation occurred in 28.6% of the CD31 1 c-Kit high intravascular cluster cells and nearly 50% of the hematopoietic cells, but only in a very small proportion of the CD41 2 CD45 -Ter119 2 CD31 1 putative endothelial cells ( Figure 3A ). The deletion of Smad4 via Vav-Cre did not affect fetal or adult viability, as previously reported. 30 No difference in the number of intravascular hematopoietic clusters could be detected between the Vav-Cre;Smad4 fl/fl and control embryos at E10.5 by whole-mount immunostaining or flow cytometry ( Figure 3B-C) . The result was further confirmed at E11.5 when the efficiency of the VavCre-mediated excision was much higher, which was 61% in the CD31 1 c-Kit high intravascular cluster cells and nearly 70% in the hematopoietic progenitors ( Figure 3D -E and supplemental Figure 3A) . From the data, it was suggested that Smad4 was dispensable after hematopoietic clusters were generated. By E12. Figure 3F and supplemental Figure 3B ). Importantly, the deletion of Smad4 by Vav-Cre did not affect fetal liver cellularity, cell viability, or the frequencies of phenotypically defined hematopoietic stem progenitor cells ( Figure 3G and supplemental Figure 3C-D) . Functionally, hematopoietic colonies were highly enriched in the YFP 1 populations in either the E11.5 AGM region or the E12.5 fetal liver of the Vav-Cre;ROSA-EYFP embryos (supplemental Figure 4A-B) . Of note, the colony-forming capacity was quite comparable between the control and Vav-Cre;Smad4 Endothelial Smad4 has been reported to be involved in endotheliummural cell interaction, 19, 31 and the subaortic mesenchyme in the midgestational embryo serves as the supportive microenvironment for blood emergence. 32, 33 To explore the possible role of the Tie2 Figure 4A ). These data highly suggested the presence of an aberrant niche within the Tie2-Cre;Smad4 fl/fl embryos.
Among the proposed niche components for AGM hematopoietic development, 14, 34 the expression levels of TGF-b/BMP and Hedgehog pathway members were checked, and an obvious upregulation of BMP4 in the caudal half of Smad4 conditional knockouts was detected ( Figure 4B ). Immunofluorescent staining further showed that in the Tie2-Cre;Smad4 fl/fl embryos, BMP4 expression was increased in the mesenchyme surrounding the aorta, and the polarized distribution of BMP4 was apparently disturbed ( Figure 4C ). The increased BMP4 signaling in the Smad4 mutants was further confirmed by the increased expression of pSmad1/5/8 in the aortic endothelium ( Figure 4D ). BMP4 in Tie2 1 cells showed a modest 1.3-fold upregulation in Tie2-Cre;Smad4 fl/fl embryos compared with the controls, whereas Tie2 2 stromal-derived BMP4 exhibited a more evident 1.9-fold increase ( Figure 4E ), in accordance with the in situ observation. Functionally, the addition of BMP4 to the AGM culture led to a significant increase in hemogenic colony generation ( Figure 4F) , with a concomitant augmentation of CD45 1 cell production ( Figure 5A ). BMP4 treatment also caused an obvious increase in CD45 1 c-Kit high frequency in the OP9-DL1 coculture ( Figure 4G ). Therefore, extrinsic BMP4 largely recapitulated the behavior of cells derived from Tie2-Cre;Smad4 fl/fl embryos ( Figure 1I -K and Figure 2E ). Furthermore, we used E9.5 caudal half explant cultures to assess the influence of BMP4 on the generation of intravascular clusters by flow cytometric quantification of CD31 1 c-Kit high cells. After 2 days of incubation with BMP4, the explants contained markedly more CD31 We speculated that BMP4 must signal through a non-Smad pathway in the absence of Smad4 to promote hemogenesis. We found that the MEK inhibitor PD 98059 did not affect the generation of hemogenic colonies and hematopoietic cells in wild type E9.5 AGM cultures, but that the stimulating role of BMP4 was completely abrogated ( Figure 5A ). Similarly, in E9.5 caudal half explant cultures, PD 98059 alone had no apparent influence on the generation of CD31 1 c-Kit high cells, but completely abolished the positive effect of BMP4 ( Figure 5B and supplemental Figure 6A) .
To determine whether a non-Smad pathway was activated in the absence of Smad4, we assessed mitogen-activated protein kinase signaling in situ. At approximately 20 sp, the phosphorylated ERK (pERK) signal was detected in a few aortic endothelial cells of the control embryos. In sharp contrast, more than half of the aortic endothelium in Tie2-Cre;Smad4 fl/fl embryos expressed pERK, whereas the expression in areas other than the dorsal aorta was quite comparable between the mutant and controls ( Figure 5C ). from E9.5 embryos were cultured on OP9-DL1 with or without BMP4 for 7 to 9 days. Representative FACS analysis of cells generated in the cultures is shown. Data are mean 6 standard deviation. DA, dorsal aorta; nt, neural tube. *P , .05; **P , .01.
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We further evaluated the contribution of ERK activation to the augmented hemogenic activity in Tie2-Cre;Smad4 fl/fl embryos.
Inhibition of ERK activation in the AGM cultures from early E9.5 embryos (20-23 sp) did not affect hemogenesis ( Figure 5D ), which is consistent with the finding that ERK was seldom activated in the aortic endothelium. Strikingly, the addition of PD 98059 to the culture completely blocked the increase in hemogenic colonies and hematopoietic cell generation from the Tie2-Cre;Smad4 fl/fl embryos ( Figure 5D and supplemental Figure 6B ). Hence, ERK activation is required for the enhanced hemogenesis in Smad4 mutants. Taken together, the notion that the increased stromal BMP4 in Tie2-Cre;Smad4 fl/fl embryos signaled through the endothelial ERK pathway to facilitate hemogenesis was supported by the data. DA, dorsal aorta; NS, not significant. *P , .05; **P , .01.
analyzing the effect of Smad4 knockdown on the expression and promoter activity of c-Kit in the embryonic endothelial cells, we found that the absence of Smad4 directly downregulated c-Kit expression in a cell autonomous manner, contrary to the in vivo finding (supplemental Figure 7A-B) . Next we explored whether a noncell autonomous effect existed regarding the increased c-Kit expression in the absence of endothelial Smad4 in vivo. We detected an evident increase in c-Kit transcripts after BMP4 treatment in both primary embryonic cells and immortalized embryonic endothelium in a timedependent manner ( Figure 6D -E and supplemental Figure 8A-B) . Importantly, the upregulation could be completely blocked by PD 98059 ( Figure 6E ), indicating that the BMP4-mediated elevation of c-Kit expression in the embryonic endothelium occurs largely through an alternative Smad-independent pathway. It has been reported that certain TGF-b superfamily members modulate c-Kit expression in different systems. 35 For other TGF-b family members and antagonists, including activin A, TGF-b1, SB-431542, and Noggin, none of them showed an apparent influence on embryonic c-Kit expression (supplemental Figure 8A-B) .
The addition of imatinib, a potent inhibitor of SCF/c-Kit signaling 36 to the AGM culture abrogated the positive roles of BMP4 in hematopoietic cells generation ( Figure 6F ). Imatinib-mediated inhibition of SCF/c-Kit signaling could also completely reverse the increased production of hemogenic colonies in the Tie2-Cre;Smad4 fl/fl embryos ( Figure 6G ). Furthermore, when Tie2 1 cells derived from Tie2-Cre;Smad4 fl/fl embryos were cocultured with OP9, the addition of imatinib led to a significant decrease in hematopoietic cell generation, in contrast to the control culture ( Figure 6H ). These results suggested a greater activation of c-Kit signaling in the Smad4 mutants. Interestingly, the inhibition of c-Kit signaling by imatinib treatment did not downregulate pERK expression in the endothelium of Tie2-Cre;Smad4 fl/fl embryos (supplemental Figure 9) , implying that the activation of endothelial ERK in the Smad4 mutants was not due to the increased activity of c-Kit signaling. Supportively, the most recent study has revealed a requirement of c-Kit for hemogenic endothelial cell specification. 37 
Discussion
Deciphering the molecular events that control the hemogenic fate of vascular endothelial cells during embryonic development is an important issue for better understanding how blood cells are generated For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From and will have important implications in regeneration strategies. We speculate that apart from the intrinsic key regulators, some signals in endothelial cells can also function via other mechanisms, such as influencing the niche and/or overwhelming the alternative noncanonical pathways, to maintain appropriate hematopoietic program. In this study, we provide in vivo physiological evidence for a negative role of endothelial Smad4 specifically in the transition to hematopoietic progenitors, and suggest an endothelium-initiated change in the microenvironment as a modulator for this process.
Here, we deciphered the physiological role of a TGF-b/BMPSmad signaling component in the development of hemogenic endothelium. Quite unexpectedly, as the central intracellular mediator of the canonical BMP pathway, Smad4 deficiency in the endothelium recapitulated the stimulating role of BMP4 on hemogenesis. Although a role for Smad-dependent BMP4 signaling in hematopoietic induction has been well-documented, 38, 39 we demonstrated a previously unknown requirement of ERK activity for the BMP4-promoted hemogenesis. Recently, Smad4 has been reported to be required for the upregulation of dual-specificity phosphatase 9 to inhibit ERK activity in embryonic stem cells. 40 We could not exclude the possibility that the aberrant activation of aortic ERK in the Tie2-Cre;Smad4 fl/fl embryos was partially due to the abolished inhibitory effect by Smad4 directly. Appropriate ERK activity is required for embryonic stem cell fate commitment. 40, 41 Our data suggest that in the aortic endothelium of mouse embryos, endogenous ERK activity should be tightly restricted, directly or indirectly by Smad4, to restrain excessive transition to hematopoietic progenitors. Thus, the signaling balance between Smad4 and ERK, 2 potent arms downstream of BMP4 signaling, determines the hemogenic fate choice by the aortic endothelium.
Hematopoietic fate decisions must be regulated by a complex network of niche signals linked to intrinsic pathways that have either a permissive or an inhibitory effect on the behavior of hemogenic endothelium. 2, 3, 42 Currently, increasing studies have disclosed the molecular identities of the niche for regulating AGM hematopoiesis by affecting multiple cellular behaviors of hematopoietic cells. 14, 32, 34, 43 Most recently, the migration of the lateral plate mesoderm to the midline has been proven to be required for endothelial Runx1 expression to initiate aortic hematopoietic cluster generation in chick embryos. 33 Nevertheless, how the endothelial-hematopoietic transition supporting microenvironment is physiologically modulated is unknown. Here, we provide in vivo evidence that in E9.5 embryos, the absence of endothelial Smad4 signaling leads to the increased expression of BMP4 in the mesenchymal layer in the vicinity of the dorsal aorta. Appropriate endothelium-mesenchyme interplay initiated by endothelial Smad4 is pivotal, therefore, to maintaining a proper blood-forming microenvironment. Actually, during embryonic blood vessel formation, endothelial cells induce the recruitment, differentiation, and proliferation of vascular smooth muscle cells via heterotypic cell-cell contact. [44] [45] [46] Thus, it is conceivable that endothelial cell-derived signals, via similar manners, can also initiate the alteration in the adjacent mesenchymal niche for endothelialhematopoietic transition. Further efforts to explore the complex orchestration of signaling between the endothelium and underlying mesenchyme are needed to gain further insight into the mechanisms of hemogenic endothelium development.
